The facile preparation of arrays of plasmonic nanoparticles over a square centimeter surface area is reported. The developed method relies on tailored laser interference lithography (LIL) that is combined with dry etching and it offers means for the rapid fabrication of periodic arrays of metallic nanostructures with well controlled morphology. Adjusting the parameters of the LIL process allows for the preparation of arrays of nanoparticles with a diameter below hundred nanometers independently of their lattice spacing. Gold nanoparticle arrays were precisely engineered to support localized surface plasmon resonance (LSPR) with different damping at desired wavelengths in the visible and near infrared part of the spectrum. The applicability of these substrates for surface enhanced Raman scattering is demonstrated where cost-effective, uniform and reproducible substrates are of paramount importance. The role of deviations in the spectral position and the width of the LSPR band affected by slight variations of plasmonic nanostructures is discussed.
Introduction
Metallic nanostructures exhibiting localized surface plasmon resonance (LSPR) are attracting increasing attention in numerous fields that can benefit from their extraordinary optical properties. These particularly include research in nanophotonics 1, 2 and their applications for light management in thin film devices, 3, 4 amplified optical spectroscopy, and analytical technologies. 5, 6 These nanostructures possess the capability to couple light energy to localized surface plasmons (LSPs), which originate from collective oscillations of electron density and associated electromagnetic field. The excitation of these modes leads to enhanced absorption, scattering and sub-wavelength confinement of light energy at narrow spectral windows. These phenomena are accompanied by strongly increased electromagnetic field intensity, which is attractive for amplifying weak spectroscopic signals such as Raman scattering, fluorescence, and infrared absorption spectroscopy. Enhancement factors up to several orders of magnitudes were reported to open the door for the ultrasensitive detection of chemical and biological species. 7, 8 In the past decades, nanotechnology research took advantage of rapidly advancing fabrication methods with gradually improved precision and control in the preparation of nanostructured materials. Electron beam lithography and focused ion beam milling [9] [10] [11] positioned themselves as irreplaceable tools in the nanophotonics research domain and are routinely used for the fabrication of plasmonic nanostructures with tailored morphology. However, these techniques do not allow fully harnessing the potential of such materials in practical applications. The reasons are that they are not suitable for scaled up production due to their limited throughput, costly instrumentation and are capable of patterning only small areas. In order to overcome these drawbacks, other methods for nanoscale patterning that are simpler and cost-effective have been pursued. These include nanoimprint lithography, which offers the means for repeated replicating of nanoscale features by using a working stamp casted from a pre-fabricated master. [12] [13] [14] features that can be employed as a lithographic mask. [15] [16] [17] This approach was utilized in nanosphere lithography or block copolymer lithography for large area structuring; however, it lacks long range order and suffers from edge defects and lower homogeneity. 18 Chemically synthesized metallic nanoparticles can be assembled into tailored plasmonic nanostructures by using atomic force microscopy 19 or, for instance, end-to-end coupling of metallic nanorods was reported for the preparation of dimers with the use of selective local modification of end tips. 20 Interestingly, chemically synthesized gold nanoparticles were infiltrated into a three-dimensional network of polymer fibers to increase their surface density compared to twodimensional architectures and to take advantage of their hydrophobic properties. 21 In addition, natural materials carrying hierarchical micro-nano-structures (e.g. rose petal, taro leaf and lotus leaf ) were coated with metal and demonstrated to serve as low-cost SERS-active substrates with superhydrophobic properties enabling efficient enrichment of chemical and biological species to specific areas probed with intense electromagnetic field intensity.
22,23
Laser interference lithography (LIL) represents an alternative method that is suitable for the preparation of periodic nanoscale features with controlled size and shape. [24] [25] [26] LIL techniques offer the advantage of mass production-compatible preparation 27, 28 and represent an attractive means for (arguably) the simple and fast patterning of large areas of up to hundreds of square centimeters. LIL utilizes the recording of an interference field pattern into a photosensitive resist material 29, 30 and in combination with lift-off or ion etching steps, it can be used for the preparation of arrays of metallic nanoparticles. For the lift-off approach, metallic nanoparticles are made by depositing a metal inside cavities formed in a photosensitive resist, which is subsequently removed by a solvent. 31 In this variant of the LIL approach, the size of metallic nanoparticles is controlled by the cavity diameter that is typically proportional to the period length. [32] [33] [34] The employment of a sacrificial layer is frequently required in order to facilitate the lift-off as it is often limited by the steepness of the cavity sidewalls. 35, 36 The ion etching modality employs a nano-patterned resist that serves as a mask on the top of a metallic layer. This mask is transferred to the metal by a dry etching step, which attacks areas that are not protected by the resist material. [37] [38] [39] [40] In both approaches, the tuning of LSPR on prepared arrays of metallic nanoparticles has been mainly achieved by changing the angle θ between the interfering beams upon the recording of the mask. Then both the period and diameter of metallic nanoparticles are varied and thus not all geometrical combinations are accessible. In addition, lift off-based LIL implementations are typically not suitable for the preparation of features with size below hundred nanometers unless very small periods of the arrays are prepared or complex systems such as extreme ultraviolet LIL with a beam emitted from a synchrotron are employed. 41, 42 Plasmonic nanostructures need to be carefully engineered to couple light at specific wavelength bands 42, 43 for specific applications. This requires highly tunable nanofabrication methods as plasmonic properties of arrays of metallic nanoparticles strongly depend on multiple parameters including particle size, shape, and inter-particle distance. 43, 44 This paper reports on the LIL implementation that enables the highly versatile preparation of arrays of cylindrical metallic nanoparticles with independent control of their diameter and period. In addition, diameters below hundred nanometers can be achieved. The importance of such versatility is illustrated in an experiment where gold nanoparticle arrays that are resonant in the red and infrared part of the spectrum are tailored to serve as SERS substrates.
Results and discussion
Preparation of gold nanoparticle arrays over a large area
The LIL set-up employed in the reported experiments utilized a Lloyd's mirror configuration that is depicted in Fig. 1(a) . The period of rectangular arrays of metallic nanoparticles Λ was controlled by the angle of two collimated interfering beams θ hitting a photoresist layer. In order to prepare 2D arrays of metallic nanoparticles, the exposure was performed twice with the substrate rotated by 90°along the axis perpendicular to its surface. The period Λ decreases when increasing the angle θ according to the formula Λ = λ/2 sin(θ), where λ = 325 nm is the wavelength of herein used coherent interfering beams. It is worth noting that the structured illuminated area depends on the length of the mirror L M and in the reported setup it was about 2 cm. (Alternatively, another LIL configuration where the beam is split into two equal parts that are recombined over the resist surface can be used. Such a set-up allows for recording over a larger area but the configuration is more sensitive to fluctuations and more complex to align. 26 ) The two exposures of interfering collimated beams form the pattern that is simulated in Fig. 1(b) . For the used positive photoresist, the area exposed to high recording light intensity can be etched upon the subsequent development step. By controlling the development time t dev , the photoresist layer can be fully removed from the exposed area to yield a mask in the form of periodic arrays of resist features. Optimized dose and dilution of the developer enable fine control over the process to create a homogeneous mask with arrays of cylindrically shaped photoresist objects. Afterwards, directional ion milling with argon ions is utilized in order to transfer these features to the gold layer that was deposited underneath the photoresist film. The regions that are not protected by the photoresist are etched away forming gold nanoparticles. The remaining photoresist on top of the gold nanoparticles is then removed with a gentle oxygen plasma treatment of the surface, resulting in regular gold nanoparticle arrays covering macroscopic areas. The fabrication process is briefly illustrated in Fig. 1c and an example of the prepared glass substrate with arrays of metallic nanoparticles is shown in Fig. 1d . An atomic force microscopy study (included in the ESI †) confirms that the oxygen plasma reduces the height of nanostructures by about 20 nm because of the removal of the residual photoresist mask. The height of metallic nanoparticles is 55-60 nm, which is slightly above the thickness of the deposited Au film due to the effect of weak etching into the glass substrate.
Tunability of the localized surface plasmon resonance
Gold nanoparticle arrays with a period between Λ = 260 nm and 560 nm were prepared by varying the interference angle θ in the LIL recording step. In order to tune the diameter of nanoparticles D, the exposure dose was kept constant at 6.75 mJ cm −2 and the development time t dev was varied. As the diameter D. For example, LSPR can be tuned in the spectral window λ LSPR = 700-900 nm by changing the diameter from D = 85 to 350 nm for the showed period of Λ = 460 nm. In general, the LSPR wavelength λ LSPR on gold nanoparticle arrays is a function of both period Λ and diameter D. Its shift towards longer wavelengths by increasing the diameter D is more pronounced for longer periods Λ. This can be explained by diffraction coupling of LSPs for the interparticle distances that are in the wavelength range of the incident light. 45 The possibility of independent control of both period and diameter is demonstrated in Fig. 3 . A series of samples with the period varied in the range of Λ = 260-560 nm and diameter D = 70-350 nm were prepared and transmission spectra were recorded. The analysis of these spectra confirms the tuning of the LSPR wavelength λ LSPR between 620 and 1050 nm and reveals that identical λ LSPR can occur for multiple combinations of Λ and D.
Homogeneity of the prepared nanoparticle arrays
In order to characterize the spatial homogeneity of plasmonic properties of prepared nanostructures, we performed a mapping of the spectral position and width of LSPR bands on two substrates carrying gold nanoparticle arrays with Λ = 400 nm and D = 215 nm (S1) and Λ = 500 nm and D = 165 nm (S2). Fig. 4 shows an example of the LSPR transmission spectra acquired from a series of spots on the substrate S1 and from such a type of spectra, variations in the resonant wavelength λ LSPR and the width of the full width in the half minimum Δλ FWHM were determined. Firstly, let us discuss the measurements performed by using a collimated beam that exhibits a diameter of about 1 mm and which was scanned over arrays of spots arranged on an area of 1 × 1 cm 2 . The determined mean LSPR wavelength λ LSPR and the width Δλ FWHM are summarized in Table 1 for both substrates S1 and S2. The mean value and standard deviation of these parameters yield λ LSPR = 782 ± 4 nm and Δλ FWHM = 221 ± 15 nm for substrate S1. On the second substrate S2 with a longer period, an almost identical spectral position of λ LSPR = 782 ± 5 nm and narrower resonance Δλ FWHM = 106 ± 2 nm were observed (see the ESI †).
Afterwards, the transmission spectra were measured using a confocal microscope at a series of spots with a smaller diameter of about 3 μm. Interestingly, for substrate S1 the spectral width of such LSPR spectra Δλ FWHM was significantly lower and the variations in the spectral position λ LSPR were more pronounced than for the data measured with a large diameter beam (compare examples presented in Fig. 4b and a) . When probing this smaller area, the spectral position of λ LSPR = 770 ± 13 nm and the resonance width of λ FWHM = 172 ± 12 nm were determined. For substrate S2, similar variations in the spectral position of λ LSPR = 787 ± 7 nm were measured; however, wider resonances λ FWHM = 122 ± 14 were observed with a focused beam compared to a large diameter beam. This effect can be ascribed to the proximity of the diffraction edge, which is visible in the transmission spectra measured by a collimated large diameter beam and which becomes smeared by the varied angle when performing the measurement with a focused beam (see Fig. S2 in the ESI †) .
In general, the variations in the LSPR spectra can be attributed to local deviations in the morphology of gold nanoparticles ( particularly diameter D) that are related to imperfections of the LIL fabrication process. The analysis of the AFM data (included in the ESI †) reveals that the diameter D varied with a standard deviation of σ(D) = 6 nm on the S1 substrate and σ(D) = 8 nm for the S2 substrate. From the slope in dependencies D(λ LSPR ) presented in Fig. 3 , it can be obtained that the LSPR wavelength changes with the diameter as ∂λ LSPR /∂D = 1 and 1.3 for the prepared gold nanoparticle arrays with period Λ = 400 (S1) and 500 nm (S2), respectively. Therefore, the measured variations in diameter D correspond to standard deviation in the LSPR wavelength of σ(λ LSPR ) = 6 nm for S1 and σ(λ LSPR ) = 10 nm for S2. Such values are lower than those experimentally observed when probing an area of about 10 µm 2 and this discrepancy can be ascribed to additional effects such as the polycrystalline nature of prepared gold nanoparticles and variations in roughness of the top nanoparticle surface and that of the glass substrate.
Surface enhanced Raman spectroscopy on gold nanoparticle arrays
Arrays of gold nanoparticles can serve as an efficient substrate for the amplification of Raman scattering on a probe molecule when exposed to an intense LSP field. This effect occurs when the resonant wavelength λ LSPR is located in the vicinity of the impinging (laser) light λ L as well as that of Raman scattered light at specific spectral bands centered at wavelengths λ R . [46] [47] [48] In order to demonstrate the applicability of the used LIL method for SERS, 4-mercaptobenzoic acid (4-MBA) was selected as a probe and the laser wavelength of λ L = 785 nm was used (see Fig. 5a ). In addition, other molecules including 4-aminothiophenol and 1,2-di(4-pyridyl)ethylene were tested for the SERS measurement as seen in the ESI. † It has been previously reported in several studies that the highest SERS enhancement factor on gold nanocylinders occurs with λ LSPR located between the λ L and (red shifted) Stokes vibrational band of the probe of interest, which has been validated for the visible part of the spectrum. 49, 50 However, such a rule was found not to be valid for the gold nanoparticles that are resonant in the NIR part of the spectrum. Then the optimum λ SPR was observed to be significantly blue shifted with respect to λ L . 51 This can be partially attributed to the blue-shift of the maximum extinction (measured in far field) compared to the wavelength where the strongest enhancement in the near field occurs. [52] [53] [54] Another important factor is a decrease of the near field intensity for nanoparticles with a larger diameter, supporting resonance in the NIR part of the spectrum compared to that for resonances in the visible, 47 and related more complex spectral dependence of the near field enhancement. 55 Finite difference time domain (FDTD) simulations were carried out in order to elucidate the spectral dependence of Raman scattering efficiency on the prepared arrays of gold cylindrical nanoparticles. The plasmonically enhanced field intensity strength at laser wavelength λ L and Raman band wavelengths λ R were simulated in order to evaluate changes in the Raman scattering efficiency that is proportional to the term ∼|E(λ L )| 2 |E(λ R )| 2 . As illustrated by the experimental data in Fig. 3 , various combinations of period Λ and diameter D can be chosen to tune λ LSPR on arrays of gold cylindrical nanoparticles close to the wavelength λ L . Furthermore, a set of four pairs of period Λ and nanoparticle diameter D that define a geometry exhibiting λ LSPR close to wavelength λ L = 785 nm were selected. The determined geometrical parameters that are specified in the inset of Fig. 6a agree well with those determined experimentally (see Fig. 3 ). The simulated transmission spectra presented in Fig. 6a show that when increasing the period Λ and decreasing the diameter D, the spectral width of the LSPR band decreases as the experimental data revealed. The spectral width of the resonant feature is a signature of LSP damping that directly affects the electromagnetic field enhancement. For the simulated geometries, the enhancement of electric field amplitude |E|/|E 0 | was obtained from nearfield plots (see an example in the inset of Fig. 6b ) and it was averaged over the surface of a nanoparticle at 2 nm distance from its walls. At the wavelength λ L = 785 nm, the averaged electric field amplitude enhancement |E|/|E 0 | rapidly increases with the period Λ while for the longer wavelengths λ R = 850 and 900 nm, the increase of |E|/|E 0 | is slower, see Fig. 6 . These simulations predict that the Raman scattering efficiency at these wavelengths λ R ( proportional to |E(λ L )| 2 |E(λ R )| 2 ) is about 9 times higher for the period Λ = 500 nm than for Λ = 400 nm.
In following experiments, two substrates with the period Λ = 400 nm (S1) and 500 nm (S2) were used for SERS measurements of 4-MBA. On these substrates, the diameter of the nanoparticle arrays was adjusted to D = 215 nm and 165 nm, respectively, in order to set LSPR to the desired spectral region close to 785 nm. As can be seen in Fig. 5b and summarized in Table 1 , the mean LSPR wavelength on both substrates is almost identical (λ LSPR ∼ 782 nm as determined by transmission measurements with a collimated beam) but their resonance width substantially differs. The denser nanoparticle arrays with D = 215 nm show a wider resonance with Δλ FWHM = 172 nm, while the sparser arrays support narrower LSPR with Δλ FWHM = 122 nm. In order to evaluate the strength and homo- geneity of the SERS signal on the prepared LIL substrates, the focused laser beam at λ L was scanned over their surface after 4-MBA was attached. A series of spots on a grid with 50 μm spacing were evaluated on substrates S1 and S2. On every spot, the Raman spectrum was acquired when irradiating an area with a diameter of about 1 μm (to which the beam at λ L was focused) followed by the recording of the LSPR transmission spectrum at the same location (with a diameter of 3 μm defined by the hole in the used confocal microscope). As can be seen in an example presented in Fig. 5a , the measured Stokes vibrational Raman spectra exhibit two strong bands attributed to the probe 4-MBA molecule located at wavelengths shifted by Δλ R1 = 1077 cm −1 (corresponding to λ R1 = 857 nm)
and by Δλ R2 = 1588 cm −1 (corresponding to λ R2 = 896 nm).
The obtained SERS intensities are summarized in Table 1 and firstly, one can see that the average SERS peak intensity on S1 is about 3.7 fold higher than that on the S2 substrate. This observation is in stark contrast to performed FDTD simulations that predict that the longer period substrate S2 enhances the Raman scattering efficiency 9-times stronger than the S1 substrate. This discrepancy can be only partially explained by about a two-fold larger area of the cylindrical nanoparticles (normalized by the unit cell area) on the S1 substrate, which can thus accommodate more target analytes. In addition, weaker coupling strength and wider LSP resonance (see Fig. 5b ) were experimentally observed on S2 (see Fig. 5b) compared to the simulations (see Fig. 6a ), which also decrease the SERS signal on this substrate. However, very probably also other parameters such as roughness, which was not taken into account in the model, play an important role.
Secondly, there can be seen that when scanning the laser beam over the surface of S1 and S2 substrates, a standard deviation of SERS peak intensity of 20-30% of the mean value occurs. These variations in SERS peak intensity can be mainly attributed to local changes in the LSPR wavelength λ LSPR . It is worth noting that probing the area with a diameter of 1 μm corresponds to the excitation of LSPs on ∼3 nanoparticles, which approaches the situation when individual nanoparticles are monitored. 56 Thus, even stronger variations in LSPR can be expected than those observed in transmission measurements on ensembles of about 10 6 nanoparticles carried on an area of 1 mm 2 and of 30 nanoparticles carried on 10 µm 2 area (see Fig. 4 and Table 1 ).
Experimental

Materials
A S1805 G2 positive photoresist and AZ 303 developer were purchased from Micro Resist Technology (Germany). Propylene glycol monomethyl ether acetate was obtained from Sigma-Aldrich (Germany). Mercaptobenzoic acid, 4-aminothiophenol and 1,2-di(4-pyridyl)ethylene were acquired from Sigma Aldrich (France).
Preparation of gold nanoparticle arrays
A 2 nm thick chromium layer (adhesion layer) and a 50 nm thick gold layer were sequentially prepared on clean glass microscope slides (20 × 20 mm 2 ). Both metals were deposited by thermal evaporation (HHV AUTO 306 from HHV Ltd) under a pressure better than 2 × 10 −6 mbar. Glass substrates were spin-coated at 4500 rpm for 45 s using a Microposit S1805 G2 positive photoresist diluted (1 : 2) with propylene glycol monomethyl ether acetate, originating a 100 nm thick film. Afterwards, substrates were soft baked at 100°C on a hot plate for 120 s. Prior to the exposure, a black tape was attached on the back side of the glass substrates in order to avoid back reflection of the recorded beam. Then, substrates were mounted to the Lloyd's mirror interferometer. Exposure was carried out utilizing a 4 mW HeCd laser (model IK 3031 R-C from Kimmon) at wavelength λ = 325 nm. A spatial filter (×40 microscope lens and pinhole with a diameter of 10 µm) was employed to expand the beam. An additional lens with a focal length of 1 m was used to collimate the beam to the interferometer. The distance between the spatial filter and the sample holder was around 1.8 m. The intensity of the laser beam at the sample holder was found to be 30 µW cm 
Morphology measurements
Atomic force microscopy (PicoPlus from Molecular Imaging, Agilent Technologies) was used to investigate the morphology of nanoparticle arrays in the tapping mode. The average diameter was determined by analyzing the grain distribution of nanoparticle arrays using the free Gwyddion software. Additionally, scanning electron microscopy (Zeiss Supra 40 VP SEM) was employed to acquire complementary images.
Attachment of SERS-active molecules
LIL-prepared arrays of gold nanoparticles were cleaned with ozone for two hours. Afterwards, the substrate with gold nanoparticles was rinsed with ethanol and immersed in 4-mercaptobenzoic acid, 4-aminothiophenol or 1,2-di(4-pyridyl)ethylene dissolved in ethanol at a concentration of 1 mM for one day in order to form a self-assembled monolayer via reaction by a thiol group or to physisorb on a gold surface. Finally, the substrate was rinsed with ethanol and dried.
Optical measurements
Transmission spectra were obtained by using a Bruker Vertex 70 Fourier transform spectrometer (FTIR) with a diameter of the collimated polychromatic beam of 0.5 mm 2 . In order to perform combined SERS and LSPR experiments with a focused beam, an Xplora Raman microspectrometer (Horiba Scientific, France) with a ×100 objective (numerical aperture of 0.9) was used. On each substrate, several spectra were acquired on a square area of 200 × 200 µm with a distance between neighboring spots of 50 µm. In the case of LSPR measurements, the edge filter was removed and the transmission spectra were measured in the whole spectral range of 400-900 nm. Each spot was illuminated with a white lamp and the recorded spectra were normalized by that acquired on a reference area without the nanostructures. The transmitted light is collected from an area with a diameter of 3 µm defined by the hole of the confocal microscope. The SERS measurements were performed in the backscattering configuration at room temperature with the same lens and a laser beam at λ L = 785 nm focused at a spot 1 µm in diameter. The power of the laser beam at the spot was about 100 μW and the Raman spectrum was accumulated by 20 s and artefacts corresponding to cosmic rays were removed. The transmission spectra were analyzed in order to determine the spectral position and the width of the LSPR band.
Numerical simulations
In this work, FDTD calculations based on commercial software (FDTD solution, Lumerical Inc., Canada) are employed for simulating the electromagnetic fields around the arrays of gold nanoparticles arranged in a square lattice, taking into account the size of nanoparticles and the spacing between them. A single unit cell of the array, with a uniform mesh size of 2 nm (x, y and z directions), was used to calculate the near field electric intensity and far field transmission spectra. Periodic boundary conditions are applied in the lateral directions while perfectly matched layers are placed above and below the structure in the perpendicular direction to absorb the transmitted and reflected electromagnetic waves. The optical constants of gold are taken from the literature. 57 The plane wave source covers a wavelength range of 400 to 950 nm. The structures are studied for the linearly polarized light under the condition of normal incidence.
Conclusions
This paper reports on the not yet demonstrated tunability of laser interference lithography for the preparation of gold nanoparticle arrays with precisely controlled geometry enabling tailoring their LSPR characteristics over a broad spectral range. A series of substrates with arrays of cylindrical gold nano-particles exhibiting an LSPR wavelength in the red and near infrared part of the spectrum were prepared by independently varying the diameter between 70 and 350 nm and period between 260 and 560 nm. Plasmonic substrates with identical LSPR wavelengths tuned to the vicinity of 785 nm and different spectral widths for SERS experiments were prepared. The importance of controlling both the LSPR wavelength and resonance width in order to enhance electromagnetic field intensity at both excitation and Raman scattered wavelength is demonstrated and sources of irregularities that affect the homogeneity of the SERS signal over the substrates are discussed.
When probing an area of about millimeter diameter, deviations in the LSPR wavelength and spectral width of about several nanometers were typically observed. Interestingly, when such spectra were measured with a beam focused to a smaller area with a diameter of several microns, these standard deviations substantially increased. Such changes were ascribed to local variations in the morphology of disk-shaped nanoparticles (exhibited standard deviation in diameter of between 3 and 5%), which translate to the SERS signal exhibiting standard deviation between 20 and 30% when scanning over spots with an area of about 1 μm 2 . The presented methodology provides a tool for the preparation of highly tunable geometries over a large area, opening the door for further development of more complex and efficient plasmonic architectures using the gold nanoparticle arrays as building blocks. In future, this may include engineering of quasi-3D crystals 58 where surface plasmons on nanoparticle and nanohole arrays interplay 59, 60 and support narrow multi-resonant features that potentially overlap with excitation wavelength and Raman scattered wavelength bands.
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